We designed solution-processed, flexible hybrid graphene flake/2H-MoS2 quantum dot (QD) heterostructures, showing enhanced electrocatalytic activity for the hydrogen evolution reaction 
Introduction
Quantum dots (QDs) derived from the atomically-thin two-dimensional (2D) materials (2D-QDs), such as graphene, transition metal dichalcolgenides (TMDs), graphitic carbon nitride (g-C3N4), hexagonal boron nitride (h-BN) and monoatomic buckled crystals (e.g., phosphorene) are emerging as a new class of zero-dimensional (0D) materials. [1] [2] [3] [4] In particular, their unique physical, (opto)electronic and electrochemical properties are promising for a wide range of applications, including optical imaging, energy conversion (e.g., (photo)electrocatalysis and photovoltaics), and energy storage (e.g., supercapacitors and batteries). 1,-4 Amongst the large variety of 2D-QDs, MoS2
Scheme 1. Solvothermal synthesis of MoS2 QDs in IPA.
The lateral size and thickness of sample I and sample II are characterized by means of transmission electron microscopy (TEM) and atomic force microscopy (AFM). XPS spectra are shown in Figure 2a together with their deconvolution. 34 Here, the peak at the lowest binding energy (~226 eV) is assigned to S 2s while the peak at ~229eV is assigned to Mo 3d5/2 of 2H-
MoS2
. 34 The peak centered at ~232.5 eV can be fitted with two components. 34 The first component (~232eV) is assigned to Mo 3d3/2 of the 2H-MoS2. 34 Instead, the second component (~233eV), as well as the low intensity peak centered at ~236eV, are associated to the MoO3 phase, 34,35 usually produced as a by-product of exfoliated MoS2 flakes exposed to air. 35 However, the MoO3-related peaks in both flakes and QDs spectra are negligible, indicating a transformation of only a small fraction of sulphide to oxide during the production of flakes and QDs from the bulk MoS2. In fact, the percentage content (%c) of MoO3 is <7% and <5% for flakes and QDs, respectively. These results prove that our production method produces 2H-MoS2 flakes and QDs, overcoming the drawbacks of previous studies on MoS2 flakes produced by LPE in NMP, where oxidized species (%c between 40-60%, depending on processing) are present. 34, 35 Moreover, the solvothermal treatment does not change the chemical composition of the 2H-MoS2 flakes, since there are no significant differences between the XPS spectra of flakes and QDs. X-ray diffraction (XRD) measurements are used to evaluate the crystal structure of 2H-MoS2 flakes and QDs with respect to the bulk MoS2 ( Figure 2b ). While bulk MoS2 exhibits the characteristic XRD peaks of a hexagonal-structure polycrystalline films, 36 2H-MoS2 flakes and QDs only show the dominant (002) peak, centred at 14.4°, corresponding to the interlayer d-spacing of 0.614 nm. 10 This indicates that few-layer 2H-MoS2 flakes and QDs have the same single crystal structure. 36 Additional details concerning the XRD analysis are reported in S.I.
The as-produced 2H-MoS2 flakes and QDs are then studied by optical absorption spectroscopy (OAS) ( Figure 2c ) and photoluminescence (PL) emission measurements ( Figure S1 ). The analysis of the corresponding data is reported in details in S.I. Briefly, the 2H-MoS2 QDs do not show the typical excitonic peaks (A, B, C, D) of the 2H-MoS2 flakes, with their absorption edge shifted towards lower wavelength with respect to latter ( Figure 2c ). This is a consequence of quantum confinement. 10 Furthermore, the 2H-MoS2 QDs show excitation-dependent PL emission ( Figure S1 ), which is due to the combination of quantum confinement effect 7 and edge state emission. interaction. 38 Additional discussion is reported in S.I., together with the statistical analysis of the data ( Figure S2 ). Extended Raman spectra between 200-900 cm -1 ( Figure S3 ) do not reveal additional peaks related to molybdenum oxide species, 40 in agreement with XPS ( Figure 2a ) and XRD (Figure 2b) data. We then designed flexible hybrid heterostructures of graphene flakes and MoS2 flakes or quantum dots (named as graphene/2H-MoS2 flakes and graphene/2H-MoS2 QDs, respectively).
Single-and few-layer graphene flakes are produced by LPE of pristine graphite in NMP 28, 31 (see S.I.
for experimental and characterization details, Figure S4 -s8). The graphene flake/2H-MoS2 flake (or QDs) heterostructures are obtained by depositing sequentially graphene flakes and MoS2 flakes (or QDs) dispersions on nylon membranes through vacuum filtration (see S.I., Figure S9 ). Notably, this solution-processed fabrication of heterostructures is scalable and compatible with high-throughput industrial processes.
The HER electrocatalytic activity of the heterostructures is investigated in 0.5 M H2SO4. The 2H-MoS2 flakes and QDs are also deposited and tested on a glassy carbon (GC) electrode (i.e., GC/2H-MoS2 flakes and GC/2H-MoS2 QDs) in order to provide their individual electrocatalytic properties on a flat inert conductive substrate. Moreover, GC/1T-MoS2 flakes and graphene/1T-MoS2 flakes are fabricated and tested as benchmark for HER 16, 17 (see S.I. for experimental and characterization details, Figure S10 ). It is worth to note that the synthesis of QDs starting from 1T-MoS2 flakes leads to 2H-MoS2 QDs, as indicated by XPS analysis ( Figure S10 ). This can be ascribed to the intrinsic metastable nature of 1T-MoS2 flakes, 18 which relax, during the solvothermal treatment, towards the thermodynamically favored 2H phase. 18, 19 Figure 3a displays the iR-corrected polarization curves for the different MoS2-based electrodes. The commonly used figure of merit (FoM) to evaluate the HER performance of an electrocatalyst is the overpotential at 10 mA/cm 2 cathodic current density (ƞ10).
41
The GC/2H-MoS2 QDs electrode shows ~60 mV lower ƞ10 (~312 mV) with respect to that of the GC/2H-MoS2 flakes (~372 mV). The HER activity increases remarkably in the case of the heterostructures (ƞ10 of ~175 mV and ~136 mV for the graphene/2H-MoS2 flakes and graphene/2H-MoS2 QDs, respectively), with respect to that obtained on GC. Moreover, the ƞ10 of graphene/2H-MoS2 QDs is lower with respect to those of GC/1T-MoS2 flakes (~235 mV) and graphene/1T-MoS2 flakes (~151 mV). The Tafel slope and the exchange current density (j0) are also useful FoM to assess the performance of catalysts for HER. 41 Tafel slope is used to evaluate the reaction processes of HER, 41 while j0 is positively correlated to the number of the catalytic active sites and their HER kinetics. 41 The obtained Tafel slopes are ∼145, ∼98, and ∼78 mV/dec for GC/2H-MoS2 flakes, Table S1 ). The steady-state photoluminescence (PL) emission measurements are performed using an Edinburgh Instruments FLS920 spectrofluorometer. The PL spectra are collected exciting the samples at different wavelengths ranging from 280 to 500 nm at a step of 20 nm, using a Xe lamp coupled to a monochromator. The 2H-MoS2 QDs dispersions are contained in a quartz glass cuvette with a path length of 1 cm. To discard any contribution from the solvent (isopropanol), blank (control) measurement is carried out in the same experimental conditions used for the characterization of the aforementioned samples.
Raman measurements are carried out by using a Renishaw microRaman invia 1000 using a 50× objective, with an excitation wavelength of 532 nm and an incident power on the samples of 1 mW.
For each sample, 50 spectra are collected. 
S.1.4 Electrodes characterization
The AFM images of the flexible electrodes (i.e., graphene, graphene/2H-MoS2 flakes and the graphene/2H MoS2 QDs) are taken using the same set-up used for AFM characterization of materials.
Electrochemical measurements on the as-prepared electrodes are carried out at room temperature in a flat-bottom fused silica cell under a three-electrode configuration using CompactStat 
S.2 X-ray diffraction analysis of bulk MoS2, 2H-MoS2 flakes and 2H-MoS2 QDs
X-ray diffraction (XRD) measurements, as reported in Figure 2b of the main text, are used to evaluate the crystal structure of 2H-MoS2 flakes and QDs with respect to the bulk MoS2. Bulk MoS2 exhibits the characteristic XRD peaks of a hexagonal-structure polycrystalline films (JCPDS card no.77-1716). 10 The dominant (002) peak, centered at 14.4°, corresponds to the interlayer d-spacing of 0.614 nm. 11, 12 In addition, various weak diffraction reflections are also observed at higher angles, e.g., the ones attributed to the (100), (103), (006), (105), and (008) planes, Error! Bookmark not defined.,12 which are characteristic of polycrystalline MoS2. 12 For the 2H-MoS2 flakes, the intensity of the (002) peak increases with respect to that of bulk MoS2, indicating a preferential exposure of (002) 
S. 3 Optical absorption spectroscopy of 2H-MoS2 flakes and 2H-MoS2 QDs
Figure 2c in the main text shows the absorption spectra of the as-produced 2H-MoS2 flakes and QDs.
For 2H-MoS2 flakes, the peaks at 660 and 600 nm are ascribed to the A and B excitonic peaks, respectively, arising from the K-point of the Brillouin zone in 2H-MoS2 flakes. 13, 14 Their energy difference (~0.2 eV) arises from the spin-orbit splitting of the valence band in 2H-MoS2 flakes. 13, 15 The distinct peaks at 450 and 395 nm are assigned to direct excitonic C and D inter-band transitions between the density of state peaks in the valence and conduction bands at the M point of the Brillouin zone. 13, 16 In the case of 2H-MoS2 QDs, there are no characteristic excitonic peaks, and the absorption edge is shifted towards lower wavelength with respect to 2H-MoS2 flakes. This effect could be ascribed to the quantum confinement effect in QDs, 14 which increases their band gap energy with the decrease of the lateral size.
15,17
S.4 Photoluminescence characterization of 2H-MoS2 QDs
The PL spectra of 2H-MoS2 QDs dispersion in IPA, collected at different excitation wavelengths (from 280 to 500 nm) are reported in Figure S1a . The PL peaks are red-shifted with increasing excitation wavelength. This excitation-dependent PL emission is ascribed to quantum confinements 18 and edge state emission effect. 19, 20 The sharp small features observed in the spectra are related to the IPA solvent, as observed in its blank PL spectrum ( Figure S1b ). 2H-MoS 2 flakes The OAS measurement of the as-produced graphene flakes dispersion in NMP (1:10 diluted) is reported in Figure S4 . The peak at ~265 nm, is a signature of the van Hove singularity in the graphene density of states. 28 The concentration of graphene flakes in dispersion is determined from the optical 
S.6.2. Raman spectrum and statistical Raman analysis of graphene flakes
The as-produced graphene flakes are characterized by means of Raman spectroscopy. A typical Raman spectrum of defect-free graphene shows, as fingerprints, G and D peaks. 30 The G peak corresponds to the E2g phonon at the Brillouin zone center. 31 The D peak is due to the breathing modes of sp 2 rings and requires a defect for its activation by double resonance. 30, 32, 33 The 2D peak is the second order of the D peak, 34 being a single peak in monolayer graphene, whereas it splits in four in bi-layer graphene, reflecting the evolution of the band structure. 30 The 2D peak is always seen, even in the absence of D peak, since no defects are required for the activation of two phonons with the same momentum, one backscattered from the other. 34 Double resonance can also happen as intra-valley process, i.e., connecting two points belonging to the same cone around K or K'. 34 This process gives rise to the D' peak for defective graphene. 34 The D+D' is the combination mode of D and D' while the 2D' is the second order of the D'. 34 As in the case of 2D, 2D' is always seen even when the D' peak is not present. 34 Figure S5a 
S.6.3 Morphological characterization of graphene flakes
The morphology of the as-produced graphene flakes is characterized by means of transmission electron microscopy (TEM) and AFM. Figure S6a shows a representative TEM image of graphene flakes, which have irregular shape and rippled morphology. Statistical TEM analysis of the flakes changes that occur during Li intercalation, i.e., 1T-MoS2 flakes formation. 42, 43, 44, 45, 46 The morphological and optical characterization of the as-produced 1T-MoS2 flakes has been recently reported by our group. 47 As main results, the TEM analysis of the 1T-MoS2 flakes indicated lateral size in the 30-800 nm range (average value ~275 nm), while AFM analysis revealed average thickness of 2.3 ± 1.6 nm.
Moreover, XPS analysis revealed that the resulting MoS2 flakes are a mixture of both 2H and 1T
phase. However, the metastable metallic 1T phase dominate the electrocatalytic properties of the asexfoliated material, [42] [43] [44] [45] [46] but mild annealing (~100 ⁰C) leads to gradual restoration of the semiconducting phase. 42 Figure S10a 
S.9 Stability tests of graphene/2H-MoS2 flakes and graphene/2H-MoS2 QDs in HERconditions
The stability of the graphene/2H-MoS2 flakes and graphene/2H-MoS2 QDs in hydrogen evolution reaction (HER)-condition is evaluated by chronoamperometry measurements (j-t curves) at -0.5 V vs.
RHE. Figure S11 shows S. 10 Comparison of the HER electrocatalytic activity of the as-produced devices in the literature context
As pointed out in the conclusion of the main text, the HER electrocatalytic performance of our systems (e.g. GC/2H-MoS2 QDs and the graphene/2H-MoS2 QDs approach that of several MoS2-based catalyst reported in literature, overcoming those of recent MoS2 flakes or MoS2 QDs synthetized by scalable routes compatible with high-throughput industrial processes. 14, 18, 53, 54, 55 The comparison of the HER electrocatalytic activity of our system with other relevant reported findings (not strictly referring to material synthesis compatible with high-throughput industrial processes) is reported in Table S1 . 
